Introduction
Wettability is an ability of a liquid to maintain contact with a solid surface. Most of heat transfer systems are considered that of an intermediate fluid on a solid surface. Thus, the wettability has a potential of being effective parameter in the heat transfer, especially a twophase heat transfer. In the two-phase states, there are triple contact lines (TCL), which are the inter-connected lines for all three phases; liquid, gas, and solid. All TCL can be expanded, shrunken, and moved during phase change heat transfer with or without an external forced convection. This dynamic motion of the TCL should be balanced with a dynamic contact, which is governed by the wettability. Recently, interesting phenomena related with superhydrophilic/ hydrophobic have been reported. For example, an enhancement of both the heat transfer and the critical heat flux using the hydrophobic and hydrophilic mixed surface was reported by Betz et al. (2010) . Various heat transfer applications related with these special surfaces are accelerated by new micro/nano structured surface fabrication techniques, because the surface wettability can be changed by only different material deposition (Phan et al., 2009b) . In addition, many heat transfer systems become smaller, governing forces change from a body force to a surface force. This means that an interfacial force is predominant. Thus, the wettability becomes also one of influential parameters in the heat transfer. This chapter will be covered by following sub parts. At first, a definition of the wettability will be explained to help an understanding of the wettability effects on various heat transfer mechanisms. Then, previous researches for single phase and two-phase heat transfer will be reviewed. In the single phase, there is no TCL. However, there is an apparent slip flow on a hydrophobic surface. Most studies related to a slip flow focused on the reduction of a frictional pressure loss. However, several studies for wettability effects in a convective heat transfer on a hydrophobic surface were carried out. So, this part will be covered by the slip flow phenomenon and the convective heat transfer related to the slip flow on the hydrophobic surface. In the two-phase flow, various two-phase heat transfers including evaporation, condensation, pool boiling, and flow boiling will be discussed. In evaporation and condensation parts, previous studies related with the wettability effects on the evaporation and the condensation of droplets will be focused on. Most studies for the wettability effects are included in the pool boiling heat transfer field. In the pool boiling heat transfer, bubbles are incepted and departed with removing heat from the heated surface. After meeting a maximum heat flux, which is limited by higher resistance of vapor phase columns on the heating surface, boiling heat transfer is deteriorated before meeting a www.intechopen.com Two Phase Flow, Phase Change and Numerical Modeling 312 melting temperature of material of the heating surface. Therefore, how many bubbles are generated on the surface and how frequently bubbles are departed from the surface are important parameters in the nucleate boiling heat transfer. Obviously, there are two-phase interfaces on the heated solid surface like as situations of incepted bubble, moving bubble, and vapor columns. Therefore, these all sequential mechanisms are affected by the wettability. In this part, the wettability effects on bubble inception, nucleate boiling heat transfer, and CHF will be reviewed. Lastly, previous works related with wettability effects on flow boiling in a microchannel will be reviewed.
What is wettability?

Fundamentals of wetting phenomena
The wettability represents an ability of liquid wetting on a solid surface. Surface force (adhesive and cohesive forces) controls the wettability on the surface. The adhesive forces between a liquid and a solid cause a liquid drop to spread across the surface. The cohesive forces within the liquid cause the drop to avoid contact with the surface. A sessile drop on a solid surface is typical phenomena to explain the wettability ( The surface A shows a fluid with less wetting, while the surface B shows a fluid with more wetting. The surface A has a large contact angle, and the surface B has a small contact angle. The contact angle (θ), as seen in Fig. 1 , is the angle at which the liquid-vapor interface meets the solid-liquid interface. The contact angle is determined by the resultant between adhesive and cohesive forces. As the tendency of a drop to spread out over a flat, solid surface increases, the contact angle decreases. Thus, a good wetting surface shows lower a contact angle and a bad wetting surface shows a higher contact angle (Sharfrin et al., 1960) . A contact angle less than 90° (low contact angle) usually indicates that wetting of the surface is very favorable, and the fluid will spread over a large area of the surface. Contact angles greater than 90° (high contact angle) usually indicates that wetting of the surface is unfavorable, so the fluid will minimize contact with the surface. For water, a non-wettable surface hydrophobic (Surface A in Fig.1 ) and a wettable surface may also be termed hydrophilic (Surface B in Fig.1 ). Super-hydrophobic surfaces have contact angles greater than 150°, showing almost no contact between the liquid drop and the surface. This is sometimes referred to as the Lotus effect. The table 1 describes varying contact angles and their corresponding solid/liquid and liquid/liquid interactions (Eustathopoulos et al., 1999) . For non-water liquids, the term lyophilic and lyophobic are used for lower and higher contact angle conditions, respectively. Similarly, the terms omniphobic and omniphilic are used for polar and apolar liquids, respectively.
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There are two main types of solid surfaces with which liquids can interact: high and low energy type solids. The relative energy of a solid has to do with the bulk nature of the solid itself. Solids such as metals, glasses, and ceramics are known as 'hard solids' because the chemical bonds that hold them together (e.g. covalent, ionic, or metallic) are very strong. Thus, it takes a large input of energy to break these solids so they are termed high energy. Most molecular liquids achieve complete wetting with high-energy surfaces. The other type of solids is weak molecular crystals (e.g. fluorocarbons, hydrocarbons, etc.) where the molecules are held together essentially by physical forces (e.g. van der waals and hydrogen bonds). Since these solids are held together by weak forces it would take a very low input of energy to break them, and thus, they are termed low energy. Depending on the type of a liquid chosen, low-energy surfaces can permit either complete or partial wetting. (Schrader & Loeb, 1992; Gennes et al., 1985) .
Contact angle Degree of wetting Strength Solid/Liquid Liquid/Liquid θ = 0°
Perfect wetting strong weak 0 < θ < 90° high wettability strong strong 90° ≤ θ < 180° low wettability weak weak θ = 180°
Perfectly non-wetting weak strong Table 1 . Contact angle and wettability
Wetting models
There are several models for interface force equilibrium. An ideal solid surface is one that is flat, rigid, perfectly smooth, and chemically homogeneous. In addition, it has zero contact angle hysteresis. Zero hysteresis implies that the advancing and receding contact angles are equal. In other words, there is only one thermodynamically stable contact angle. When a drop of liquid is placed on such a surface, the characteristic contact angle is formed as depicted in Fig. 1 . Furthermore, on an ideal surface, the drop will return to its original shape if it is disturbed (John, 1993 ). Laplace's theorem is the most general relation for the wetting phenomena. It indicates a relation of pressure difference between inside and outside of an interface as like Eq. (1) (Adamson, 1990) ,
where, γ is a surface tension coefficient, R 1 and R 2 are radius of the interface, κ is a curvature of the interface. In equilibrium, the net force per unit length acting along the boundary line among the three phases must be zero. The components of net force in the direction along each of the interfaces are given by Young's equation (Young, 1805) ,
which relates the surface tensions among the three phases: solid, liquid and gas. Subsequently this predicts the contact angle of a liquid droplet on a solid surface from knowledge of the three surface energies involved. This equation also applies if the gas phase is another liquid, immiscible with the droplet of the first liquid phase. (Good, 1992) :
In simpler terms, contact angle hysteresis is essentially the displacement of a triple contact line (TCL), by either expansion or retraction of the droplet. Here, θ t is an inclined angle. The advancing contact angle is the maximum stable angle, whereas the receding contact angle is the minimum stable angle. The contact-angle hysteresis occurs because there are many different thermodynamically stable contact angles on a non-ideal solid. These varying thermodynamically stable contact angles are known as metastable states (John, 1993) . Such motions of a phase boundary, involving advancing and receding contact angles, are known as dynamic wetting. When a contact line advances, covering more of the surface with liquid, the contact angle is increased, it is generally related to the velocity of the TCL (Gennes, 1997) . If the velocity of a TCL is increased without bound, the contact angle increases, and as it approaches 180° the gas phase it will become entrained in a thin layer between the liquid and solid. This is a kinetic non-equilibrium effect, which results from the TCL moving at such a high speed, that complete wetting cannot occur. A well-known departure from an ideality is when the surface of interest has a rough texture. The rough texture of a surface can fall into one of two categories: homogeneous or heterogeneous. A homogeneous wetting regime is where the liquid fills in the roughness grooves of a surface. On the other hand, a heterogeneous wetting regime is where the surface is a composite of two types of patches. An important example of such a composite surface is one composed of patches of both air and solid. Such surfaces have varied effects on the contact angles of wetting liquids. Wenzel and Cassie-Baxter are the two main models that attempt to describe the wetting of textured surfaces. However, these equations only apply when the drop size is sufficiently large compared with the surface roughness scale (Marmur, 2003) . The Wenzel model describes the homogeneous wetting regime, as seen in Fig. 4(a) , and is defined by the following equation for the contact angle on a rough surface (Wenzel, 1936) :
where, θ * is the apparent contact angle which corresponds to the stable equilibrium state (i.e. minimum free energy state for the system). The roughness ratio, , is a measure of how surface roughness affects a homogeneous surface. The roughness ratio is defined as the ratio of a true area of the solid surface to the apparent area. Also, θ is the Young contact angle as defined for an ideal surface in Eq. (2). Although Wenzel's equation demonstrates that the contact angle of a rough surface is different from the intrinsic contact angle, it does not describe contact angle hysteresis (Schrader and Loeb, 1992) . 
Here the f is the roughness ratio of the wet surface area and f is the fraction of solid surface area wet by the liquid. Cassie-Baxter equation with f = 1 and f = is identical to Wenzel equation. On the other hand, when there are many different fractions of surface roughness, each fraction of the total surface area is denoted by f i . A summation of all f i equals 1 or the total surface. Cassie-Baxter can also be recast in the following equation (Whyman et al., 2008) : 
Here, the key difference in notice is that the there is no surface tension between the solid and the vapor for the second surface tension component. This is because we assume that the surface of air that is exposed is under the droplet and is the only other substrate in the system. Subsequently, the equation is then expressed as (1 -f 
such as when θ > θ c , the most stable state is Cassie-Baxter s one, whereas when θ < θ c , it is Wenzel s one. A transition from a metastable (e.g., Cassie-Baxter) state to the most stable (e.g., Wenzel) state is possible only if the required energy barrier is overcome by the drop (e.g., by lightly pressing the drop). These characteristics of models will be shown in literatures related with drop-wise evaporation and condensation in hydrophobic surfaces.
Wettability effects on heat transfer
Convective heat transfer
Wettability is highly related with a two-phase interface on a solid surface. So, there is less investigation for a single phase heat transfer. However, the reduction of drag in a hydrophobic tube is one topic related with wettability effects on a single phase flow (Watanabe, 1999) . In a hydrophobic surface generally, a no slip condition is not applicable due to the slip flow. Studies of the slip flow on a hydrophobic surface have been conducted both by using an experimental approach (Zhu & Granick, 2002; Barrat & Bocquet, 1999; Tretheway & Meinhart, 2005) and by using a molecular dynamics (MD) approach (Thomson & Troian, 1997; Nagayama & Cheng, 2004) . Fluid molecules tumble along the wall much like two solid surfaces sliding over one another occurs when the forces between the fluid and wall molecules are not strong enough to overcome the shear forces at the wall. This 
Where u is the fluid velocity, u c is the maximum velocity, y is the vertical height with centerline of its origin and w is a half of the channel height. In a slip condition, Eq. (9) 
Most studies have shown that there is a critical wall shear rate for the onset of the slip. Thomson & Troian (1997) firstly showed the critical shear rate using a MD simulation. Wu & Cheng (2003) reported that the critical shear rate is an order of 50,000 s -1 and Zhu & Granick (2002), and Choi et al. (2003) reported that is the order of 10,000 s -1 . Usually, slip phenomena have been seen in a microchannel due to a higher shear rate in a smaller dimension. Navier's hypothesis effectively describes the slip velocity at a surface is proportional to the shear rate at the surface (Lamb, 1932) . Various researchers also proposed models for the slip length. Tretheway & Meinhart (2005) suggested possible mechanisms of the slip flow on a hydrophobic surface, which is existence of nanobubbles or a layer of lower density fluid at the surface. Also, they proposed the slip length as a function of an air gap and a plate height with rarefied gas conditions. Now, we will discuss about wettability effects on a convective heat transfer according to slip flow on a hydrophobic surface. Here we will review three reports for this topic. First, Wu & Cheng (2003) studied surface condition effects on laminar convective heat transfer in
Two Phase Flow, Phase Change and Numerical Modeling 318 microchannels for water. They fabricated 13 different trapezoidal silicon microchannels. Also, three of them were coated with silicon oxide to increase their hydrophilic abilities (Asif et al., 2002) . The Nusselt number of microchannels with the hydrophilic silicon oxide surface is higher than that with the hydrophobic silicon surface, which means the hydrophilic capability of the surface enhance the convective heat transfer (Fig. 6 ). However, they did not explain the physical reason. 
where, A = u slip /u c , a ratio of a slip velocity and a maximum velocity. Fig. 7 shows Nusselt number increased by approximately 2% for a 10% ratio of slip velocity as its maximum velocity. Fig. 8 indicates that higher contact angle surfaces tend to decrease that heat transfer coefficient comparing with lower contact angle surfaces. Also, this deviation can occurred in over the specific Peclet number (Pe~100), which the slip flow occurred. Lastly, Hsieh & Lin (2009) performed experiments to study the convective heat transfer in rectangular microchannels using deionized (DI) water, methanol, 50 wt% DI water/50 wt% methanol mixture and ethanol solutions. The hydrophilic and hydrophobic surfaces were obtained using Ultra Violet (UV) treatment. They measured flow and temperature fields using a micro particle image velocimetry (μPIV) and a micro laser-induced fluorescence (μLIF), respectively. In their experiments, maximum slip ratio is 10% for water in the hydrophobic microchannel. Also, their results indicate that the hydrophilic microchannel has higher local heat transfer coefficient than the hydrophobic microchannel (Fig. 9) . 
.1 Evaporation
Evaporation is one of major two-phase heat transfer mechanisms. In an evaporation process, a mass transfer occurs, which means liquid meniscus including a triple contact line (TCL) has a motion. Therefore, we need to consider a dynamic contact angle (advancing and receding contact angles) as shown in Fig. 3 . Generally, the advancing contact angle will tend to toward a lower value during evaporation (Picknett & Bexon, 1977) . Most of studies for wettability effects on the evaporation fundamentally are focused on an evaporation of a sessile drop. The evaporation process of the droplet can be classified to few steps as shown in Fig.10 :
Step 1 (saturation of atmosphere),
Step 2 (constant contact radius with a decreasing drop height and contact angle),
Step 3 (a constant contact angle with a decreasing a contact radius) and
Step 4 (final drop disappearance). In most previous studies focused on step 2, 3, and 4. Chandra et al. (1996) studied on the contact angle effect on the droplet evaporation. Three kinds of droplets of pure water, surfactant 100 ppm and 1000 ppm on a stainless steel surface were visualized. Their results indicate that a reduced contact angle makes a droplet thickness thinner and a contact area larger. Thus, an increased heat transfer area and a decreased conductive resistance enhance the droplet evaporation (Fig. 11) . Takata et al. (2004 Takata et al. ( , 2005 measured an evaporation time, a wetting limit and Leidenfrost temperatures on stainless steel, copper and aluminum surfaces. They used a plasma-irradiation to increase a wetting property of those surfaces. Their results indicate that the evaporation time decreases and the wetting limit and the Leidenfrost temperatures increase in hydrophilic surfaces. Therefore, the hydrophilic surface has potentials for the enhancement of evaporation. (2004) reported an evaporation of water droplets on self-assembled monolayers (SAMs) follows an exclusive trend from a constant contact diameter model to a constant contact angle mode. Shin et al. (2009) investigated droplet evaporations on pure glass, octadecyl-tricholoro-silane (OTS), and alkyl-ketene dimmer (AKD) surfaces. They show that a hydrophilic surface enhances the evaporation heat transfer and a super-hydrophobic surface does not have distinct stages and pinning sections. Kulinich & Farzaneh (2009) investigated a contact angle hysteresis effect on a droplet evaporation using two superhydrophobic surfaces of the same contact angle but contrasting wetting hysteresis. In their results, the surface of a low contact angle hysteresis was observed to follow the evaporation model normally ascribed to hydrophobic surface (a quasi-static constant angle while constantly decreasing contact diameter). Meanwhile, the surface with a high contact angle hysteresis was found to be behaved in accordance with the evaporation model normally associated with hydrophilic surfaces (constantly the decreasing contact angle and the quasistatic contact diameter). Fig. 11 . Evolution of contact angle during evaporation of droplets of pure water, 100 ppm and 1000 ppm surfactant solutions on a stainless steel surface at 80 ºC, (Chandra et al., 1996) (c) Jung & Bhushan (2007) studied effects of a droplet size on the contact angle by evaporation using droplets with radii ranging from about 300 to 700 μm. In addition, they proposed a criterion where the transition from the Cassie and Baxter regime to the Wenzel regime occurs when the droop of the droplet sinking between two asperities is larger than the depth of the cavity. A small water droplet is suspended on a super-hydrophobic surface consisting of a regular array of circular pillars with diameter D, height H and pitch P as shown in Fig.  12(a) . The curvature of a droplet is governed by the Laplace equation, which relates the pressure inside the droplet to its curvature (Adamson, 1990) . Therefore, the maximum droop of the droplet ( ) in the recessed region can be found in the middle of two pillars that are diagonally across as shown in Fig. 12(b) which is if the droop is much greater than the depth of the cavity,
Then, the droplet will just contact the bottom of the cavities between pillars, resulting in the transition from the Cassie and Baxter regime to the Wenzel regime as shown in Fig. 12(c) .
Before the transition, an air pocket is clearly visible at the bottom area of the droplet, but after the transition air pocket is not found at the bottom area of the droplet. Nanofluids have various engineering merits including higher conductivity, enhancement of boiling heat transfer and CHF. Especially, the nano-particle deposited surface shows superhydrophilic characteristics. Based on this good wetting property, several studies for the evaporation of a nanofluid have been conducted (Leeladhar et al., 2009; Sefiane & Bennacer, 2009; Chen et al., 2010) . The initial equilibrium contact angle of the nanofluids was significantly affected by the nanoparticle sizes and concentrations. During evaporation, the evaporation behavior for the nanofluids exhibited a complete different mode from that of the base fluid. In terms of a contact angle, nanofluids shows a slower decrease rate than base fluid. A nanofluid contact diameter remained almost a constant throughout evaporation www.intechopen.com
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with a slight change only at the very end of an evaporation stage. The nanofluids also show a clear distinction in the evaporation rates, resulting in a slower rate than base fluid. No abrupt change in a contact angle and a diameter was observed during the evaporation, the deposited nanoparticles after the complete evaporation of a solvent showed unique dry-out patterns depending on nanoparticle sizes and concentrations, e.g., a thick ring-like pattern (as shown in Fig. 13 ) with larger particle sizes while a uniformly distributed pattern with smaller particles at higher concentrations.
Condensation
Here, we will show short reviews for wettability effects on a condensation including fundamentals and systematic views. Most studies for wettability effects on condensation are also focused on a droplet condensation mechanism like as evaporation. Fritter et al. (1991) has identified different stages of a droplet growth during condensations of a vapor on partially wetting surfaces. An initial stage where a surface coverage by the condensate is very low and there is negligible coalescence, a second stage where in the droplets grow and coalesce with no new droplets appearing in the empty spaces between the already existing drops. The droplet growth then attains a self similar pattern with time. The surface coverage attains a constant value of 0.5 with appearing no new drops. The growth of drops before coalescence is less when compared to the growth after the drops coalescence. They proposed a growth rate of an individual drop and after drop coalescence is exponent of 1/3 and 1 of time, respectively (Fig. 14) . It is a well-known experimental fact that, in a drop-wise condensation, most of the heat transfer occurs during the early stages of the formation and the growth of a droplet (Griffith, 1972) . Therefore, it must therefore be the aim of any pretreatment of the condenser surface to cause the condensate droplet to depart as early and as quickly from the condenser surface as possible. The departure of the drop, on the other hand, is resisted by the adhesion of the droplet to the condenser surface; this resistance has been attributed to the contact angle hysteresis (Schwartz et al., 1964) . A contact angle is formed between a liquid meniscus and solid surface with which it intersects. As a rule, this angle is different in a situation where the liquid advances from the one where it recedes. The actual difference between advancing and receding contact angle is referred to as a contact angle hysteresis. While a contact angle hysteresis stems from dynamic effects, it is to be noted that it also exists under static conditions: advancing a liquid meniscus and stopping it will lead to the static advancing contact angle; receding the meniscus prior to a static measurement will yield the static receding contact angle. The difference between the two contact angles, which is as a rule finite, may be termed as the static contact angle hysteresis. Gokhale et al. (2003) conducted measurements of the apparent contact angle and the curvature of a drop and meniscus during condensation and evaporation processes in a constrained vapor bubble (CVB) cell. A working fluid and a surface material are n-butanol and quartz, respectively. They monitored a growth of a single drop until that drop merges with another drop. They found an apparent contact angle is a constant during condensation. As the rate of condensation increases, the contact angle increases. This means that a dynamic contact angel (shown in Fig. 3 ) should be considered in drop-wise condensation. Two main causes of static contact angle hysteresis are surface heterogeneity and roughness (Neumann, 1974) . Pulipaka (2003) studied the wettability effects on a heterogeneous condensation as his master thesis. Main objectives of this study are wettability effects on a drop-wise condensation and a drop growth rate. He observed the initial growth rate for the hydrophilic surface is higher than that for the hydrophobic surface. However, at the final stage, there is no difference between the hydrophilic and the hydrophobic surfaces as shown in Fig. 15 . An initial growth rate for the hydrophilic and the hydrophobic surfaces are exponent of 0.671 and 0.333, respectively. The condensate growth rate is a strong function of a temperature gradient on the hydrophilic surface than the hydrophobic surface (Fig. 16 ).
The time for initiation of a nucleation is decreased as contact angle decreases. Their results indicate that the heat flux and the heat transfer coefficient increase with the decrease in contact angle hysteresis (increasing the advancing contact angle) (Fig. 17) . The limiting size drop to slide on an inclined surface is given in ( )
Therefore, the limiting mass, m for a drop removal will a decrease with decreasing contact angle hysteresis. It enhances the drop-wise condensation heat transfer. Fig. 17 . Heat transfer coefficient, h and contact angle hysteresis (Neumann et al., 1978) Recently, studies of condensation on the super-hydrophobic surface, which has a micro structured surface have been conducted. Furuta et al. (2010) studied a drop-wise condensation with different hydrophobic surfaces, which are treated with two fluoroalkylsilanes (FAS3 and FAS17). Static contact angles of FAS3 and FAS17 are 146 º and 160 º for rough surface and 78 º and 104 º, respectively. From this study, the contact angles of the FAS3 or FAS17 coatings decreased concomitantly with a decreasing surface temperature. At the dew point, clear inflection points were observed in the temperature dependence of contact angles as shown in Fig. 18 , suggesting the change of the interfacial free energy of the solid-gas interface by water adsorption. The contact angle decrease implies a mode transition from Cassie to Wenzel. The decrease was attributed to the surface wettability change and the increase of the condensation amount of water. The contact angle change attributable to heating revealed that the Wenzel mode is more stable than the Cassie mode. Narhe & Beysens (2006) studied condensation induced a water drop growth on a superhydrophobic spike surface. They described three main stages according to the size of the drop (Fig. 19) . Initial stage is characterized by the nucleation of the drops at the bottom of the spikes. During intermediate stage, large drops are merged with neighboring small drops. The last stage is characterized by Wenzel-type drops, which growing is similar to that on a planar surface. Also, the contact angle in last stage is smaller than that in the initial stage. When the radius of a drop on the top surface reaches the size of the cavities, two phenomena enter in a competition. The drop can either (i) coalesce with the drops in the cavity and get sucked in, resulting in a spectacular self-drying of the top surface (Narhe & Beysens, 2004) , and/or (ii) coalesce with another drop on the top surface, resulting in a Cassie-Baxter drop (Narhe & Beysens, 2007) . If the phenomenon (i) occurs first, condensation results in large Wenzel drops connected to the channels in a penetration regime. If the phenomenon (ii) occurs first, condensation proceeds by Cassie-Baxter drops, thus preserving super-hydrophobicity till stage (i) proceeds and penetration drops are formed. Depending on the pattern morphology, this stage may never occur. Nevertheless, even in the penetration case, some features of super-hydrophobicity are still preserved as the top surface of the micro-structures remained almost dry while the cavities were filled with condensed water. Their results show that Wenzel or Cassie-Baxter states of droplet on the super-hydrophobic structured surface are governed by a length scale of the surface pattern and the structure shape. 
Pool boiling
Many studies of the wettability effects on heat transfer were focused on a pool boiling heat transfer area. A major reason is not related with only the basic two-phase heat transfer mechanism but also the boiling enhancement with nanofluids. In this chapter, we will review previous works for the wettability effects on the pool boiling phenomena including heterogeneous nucleation, nucleate boiling heat transfer and critical heat flux (CHF). Eddington & Kenning (1979) studied the nucleation of gas bubbles from supersaturated solutions of Nitrogen in water and ethanol-water mixtures on two metal surfaces. A decrease in the contact angle decreases the population of active bubble nucleation sites by reducing the effective radii of individual sites. Wang & Dhir (1993) also reported the same results that the good surface wettability causes a decrease of the density of active nucleation sites. Most of two-phase heat transfer mechanisms are highly related with a contact angle hysteresis due to the dynamics motion of the interface. The contact angle hysteresis is affected by a degree of heterogeneity and roughness of the solid surface (Johnson& Dettre, 1969) . Fig. 20 represents the general nucleation and growth processes. Lorenz (1972) developed a theoretical heterogeneous model, which shows the ratio of the bubble radius to the cavity radius, R 1 /R 0 is a function of a static contact angle ( s ), a dynamic contact angle ( d ), and a conical cavity half angle (φ). When the static contact angle is fixed and the dynamic contact angle increases, R 1 /R 0 increases. Especially, for a highly wetting surface ( Fig. 21(a) ), the ratio is less than a unity and the effect of dynamic contact angle on R 1 /R 0 is significant only when a dynamic contact angle is small. Tong, et al. (1990) proposed a modified Lorenz model, which involved both the static and dynamic contact angles. (1990) conducted experiments of pool boiling using cylindrical heater surfaces of platinum, silicon oxide, and aluminum oxide with dielectric fluids of FC-72 and R-113. They reported the difference in incipience wall superheat value between FC-72 and R-113 was significant, but the surface material effect on a boiling incipience was small. Harrison & Levine (1958) investigated the wetting effects on the pool boiling heat transfer using different crystal planes of single crystals of copper. In their results, the wetting surface and the non-wetting surface show higher the heat transfer rate in the lower and higher heat flux regions, respectively. The lower heat flux region is governed by a non-boiling natural convection, in which the non-wetting surface represents higher thermal resistance. However, the higher heat flux region is governed by a nucleate boiling, in which the nonwetting surface represents a larger bubble generation due to a higher nucleation cite density (Eddington & Kenning, 1979) . Phan et al. (2009a Phan et al. ( , 2009b investigated the wettability effects on a nucleate boiling using various materials deposited on surfaces. In the hydrophobic surface, no bubble departure was noticed and the heat transfer was unstable when the bubbles stayed on the heating surface. In the hydrophilic surface, they measured a departure diameter and a bubble emission frequency. As increased the contact angle, the bubble departure diameter is decreased (Fig. 22a) . They compared a following Fritz's correlation (Fritz, 1935) , which has linear relation with the contact angle (Eq. 15).
( )
They proposed a new correlation (Eq. 16) for the departure diameter considering the wettability effects using an energy factor, as the ratio of the energy needed to form a bubble with a contact angle to need to form a homogeneous bubble with the same diameter, which is proposed by Bankoff (1967) (Phan et al., 2009a) www.intechopen.com
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The decreased contact angle is resulted in the increases of both a bubble growth time (t g ) and a waiting period of the next bubble (t w ) (Fig. 22b) . Also, they observed the same trend for density of an active nucleation site with Eddington & Kenning (1979) . In their results, a heat transfer coefficient (h) deteriorates with the decrease of the contact angle of between 30 º and 90 º. When the contact angle is lower than 30 º, its decrease induces an increase of h. Therefore, the highest heat transfer coefficient would be obtained with a surface of which the contact angle of is either 0 º or 90 º. In contrast, Harada et al. (2010) reported that the bubbles were lifted-off the vertical heated surface of a small contact angle within a shorter period of time after the nucleation than that of a larger contact angle. Except coating methods, a typical way to change the contact angle is the use of surfactant solutions. However, this method changes the surface wettability, the liquid surface tension, and the viscosity simultaneously. It is generally believed that a small amount of surfactant can increase boiling heat transfer. Wasekar & Manglik (1999) reviewed an enhancement of pool boiling using this method. Some studies of wettability effects on the pool boiling with addition of surfactants will be reviewed. Wen & Wang (2010) used water and acetone with different surfactants, 95% sodium dodecyl surfate (SDS), Triton X-100 and octadecylamine. Their result shows that both SDS and Triton X-100 solution can increase the water boiling heat transfer coefficient and the enhancement of heat transfer for SDS solution is obvious. They subtracted only wettability effects on the heat transfer by comparing between SDS and X-100 experiments for the same surface tension and viscosity conditions. The contact angle only for X-100 decreases from 76 to 17 º. It means that the good wettability deteriorates boiling heat transfer. The most intensively focused topic in the wettability effects in a pool boiling heat transfer is a critical heat flux (CHF), due to its higher dependency of surface characteristics. In the CHF situation, if the surface has ability to supply liquid to evaporate, the CHF can be increased. However, the surface has no ability for that, so the CHF can be decreased, then vapor can cover the entire surface. After reporting the major reason of the CHF enhancement of a nanofluid is wettability (Kim & Kim, 2009 ). Many researchers have concentrated on the wettability effects on the CHF. Especially, the super-hydrophilic surface that generated during the nanofluid boiling process indicates extremely high CHF value. Gaertner (1965) already reported that a low contact angle results in the higher value of CHF, while a high contact angle results in the lower value of CHF. Kandlikar (2001) 
Various studies for a nanofluid CHF enhancement reported that the major reason of the CHF enhancement is the nanoparticle coated surface, which is changed to a good wetting surface. In the other words, the highly wetting surface, which is a lower contact angle, enhances the CHF of the pool boiling (Kim, S. J. et al., 2007; Coursey & Kim, 2008; . Fig. 24 shows SEM images of the nanoparticle deposited heater surfaces after achieving the CHF. The nanoparticle deposited surface indicates as a highly wetting surface. conducted wicking experiments using nanoparticle coated wires, which is coated during a nanofluid boiling process. Fig. 25 shows their CHF value corresponding to the contact angle. Their results well agree with the Kandlikar's correlation (Eq. 17), except some cases of the lowest contact angle. These cases of extraordinarily highest CHF show a micro/nano structured surface and a higher wicking height. Chen et al. (2009) observed the same results for a super-hydrophilic surface coated by a nanowire. conducted a pool boiling CHF experiment using bare silicon, micro-structured (M), nano-structured (N) and both (NM) surfaces. They reported that a NM surface shows the contact angle of 0 º (super-hydrophilic) and the highest value of the CHF. Recently, based on the CHF enhancement of the micro/nano structured superhydrophilic surface, many researchers have been trying to obtain the CHF enhanced surface Truong et al., 2010; Forrest et al., 2010) .
Flow boiling
In a conventional system, studies of the wettability effects on a flow boiling are less, because an external flow is dominant comparing with surface force. However, in micro scale, the surface force is predominant because of a higher surface to volume ratio. Choi & Kim (2008) developed a new fabrication technique to study the wettability effects on water flow boiling in a microchannel. They fabricated a single glass rectangular microchannel using a photosensitive glass and six microheaters to measure a local wall temperature and to apply heat to fluid as shown in Fig. 26 . A glass was used as a hydrophilic surface and Octadecyltrichloro-silane (OTS) was coated on a glass surface to obtain a hydrophobic surface. They focused on visualization of the two-phase flow patterns in the microchannel with different wetting surfaces. They observed a new flow pattern in the hydrophobic microchannel, which is named drop-wise slug (Fig. 27) . A major flow pattern during a flow boiling in a microchannel is an elongated bubble, which is a very long bubble surrounded with thin liquid film. The evaporation of this thin film is a main heat transfer mechanism in a microchannel (Thome, 2006) . Generally, the heat transfer coefficient is initially increased on the lower quality region, gradually decreased at a certain critical quality. A possible reason of this decreasing the heat transfer coefficient is a local dryout . When the local dryout occurred, the liquid film is easily re-wetted on a hydrophilic surface. However, the liquid film is very unstable on a hydrophobic wall (Choi et al, 2010) . This unstable pattern is represented to a new flow pattern. His extended work reported the wettability effects on flow boiling in a 500 μm rectangular microchannel for water (Choi et al. (2010) . They obtained visualized flow patterns and a local heat transfer coefficient. They observed different flow patterns for different wettability conditions and analyzed heat transfer characteristics based on flow patterns. In the hydrophilic microchannel, flow patterns are similar to previous results for flow boiling in a microchannel. However, in the hydrophobic microchannel, the number of nucleation is increased due to low surface energy as shown in Fig. 28 . These results are already reported by the pool boiling studies (Eddington & Kenning, 1979; Wang & Dhir, 1993; Phan et al., 2010a Phan et al., , 2010b . For relatively higher mass flux condition, nucleation is suppressed. They observed a heat transfer trend for different wettabilities and mass fluxes as shown in Fig. 29 . Fig. 30 ). In front of the fluid triangle there is a long liquid rivulet populated near the microchannel centerline with the zigzag pattern. The rivulet reached the end of the central microchannel at t = 10.0 ms as shown in Fig. 30(a) . For the time t > 12.0 ms, the rivulet was broken in the central microchannel downstream to form isolated droplets (see the circled image at t = 14.0 ms in Fig. 19(a) ). The tip of the rivulet is being receded to the central microchannel upstream due to evaporation for t > 12.0 ms in Fig. 30(a) , until the whole central microchannel is almost dry out, leaving a short rivulet in the central microchannel upstream (see the images at t=33.0 and 34.0ms in Fig. 30(a) ). Then a new rivulet ejection and receding cycle starts. Fig. 30(b) shows the enlarged image for the isolated droplets formed by the breakup of the rivulet. Those new flow patterns are resulted from different wettability and temperature gradient. Fig. 30 . Periodic liquid rivulet ejection and receding process (Zhang et al., 2009) There are studies related with the CHF enhancement in the flow boiling in a microchannel. conducted experiments with Alumina (Al 2 O 3 ) nanofluid flow boiling on a local small heater to investigate external flow effect. As we discuss previously, nanofluid can enhance CHF in a pool boiling, because a nanofluid makes a super-hydrophilic heating surface during a boiling process. They obtained 40% enhancement of CHF for the highest flow velocity. Also, they measured apparent contact angles for the used heating surfaces. Their results are well agreed with a pool boiling CHF correlation (Eq. 17), except superhydrophilic surface (θ~0º) as shown in Fig. 31 . Vafaei & Wen (2010) studied CHF of the subcooled flow boiling of Alumina nanofluids in a 510 μm single microchannel. Their results show 51% enhancement of CHF under nanoparticle concentration of 0.1 vol. %. From their results, a main contribution of CHF enhancement is also a surface modification of nano particles during the boiling process. Sarwar et al. (2007) conducted a flow boiling CHF experiment with a nanoparticle coated porous surface. They reported 25% and 20% enhancement of CHF for Al 2 O 3 and TiO 2 , respectively. They explained that the enhancement is highly related with a wettability index. In the same group, Jeong et al. (2008) studied the flow boiling CHF with surfactant (TSP) solutions. Their results also show that the surfactant decreases a contact angle of the heating surface, and a CHF enhancement was achieved due to the higher wettability. Fig. 31 . A relation between the flow boiling CHF enhancement and the contact angle of the heated surface 
Conclusion
The wettability is an adhesive ability of liquid on a solid surface, which can be characterized with the contact angle. In addition, a solid is used as intermediate to transfer heat thru the working fluid in the most heat transfer problems. Therefore, the wettability has a chance to be one of the important parameters in heat transfer phenomena. Recently, superhydrophobic/hydrophilic surfaces have shown interesting phenomena, and a major reason of heat transfer enhancement of nanofluids is proven to be a hydrophilic surface coated by oxide nanoparticles. In addition, developed fabrication techniques for the micro/nano structured surface enforce intensive studies for the wettability effects on the heat transfer. In this chapter, we reviewed open literatures related with the wettability effects on the heat transfer. We categorized a single phase and two-phase heat transfers. Moreover, evaporation, condensation, pool boiling, and flow boiling are specifically discussed for the two-phase heat transfer. From these reviews, following consistent conclusions are derived. The single phase has no TCL, which means that the solid is used as an intermediate to transfer heat thru the working fluid in most heat transfer problems. There is no interface of the two-phase on a solid surface. Therefore, there is less studies related with the wettability effect on the heat transfer. However, there is a slip flow in the hydrophobic surface only when the critical shear rate condition meets. According to previous studies related with the wettability effect on a convective heat transfer shows that the good wetting surface has a higher Nusselt number.
Basically, the wettability is a critical parameter in the two-phase behavior, because the motion of triple contact line (TCL) is highly influenced by a wetting characteristic on the surface. During a phase change heat transfer, mass transfer makes motion of TCL due to a volume expansion or a contraction. Thus, a dynamic wetting including a contact angle hysteresis becomes an influential parameter in the two-phase heat transfer. In evaporation and condensation, we considered the drop-wise heat transfer. In a drop-wise evaporation, the good wetting surface shows a high evaporation rate due to a large heat transfer area and a thin droplet thickness (low heat resistance). In condensation, the wettability effects is dominant on an initial stage of condensation and a good wetting surface shows a higher condensation rate due to the same reason to evaporation. For a superhydrophilic/hydrophobic surface that was prepared with micro/nano structures, the contact angle hysteresis is the most critical parameter. As well as, morphology is important to understand the heat transfer mechanism in these special surfaces. There are two kinds of modes: Wenzel and Cassie-Baxter, which are governed by the dynamic wetting and the length scale of the surface pattern and the structure shape.
In the pool boiling heat transfer, the wettability is affected on the entire boiling process including a nucleation, a nucleate boiling, and a CHF. The good wettability decreased the density of active nucleation sites and the decreased departure frequency. Therefore, a typical trend for nucleate boiling heat transfer according to wettability effects is that a nonwettable surface indicates higher the heat transfer rate due to a higher nucleation site density. However, there is still unclear understanding for the wettability effects on the nucleate boiling heat transfer, because the nucleate boiling is complicate phenomena mixed surface parameters of a wettability, a roughness, a morphology. In CHF, a good wettability shows the higher value of the CHF due to a liquid supplying ability. For super-hydrophilic surface, there is an additional effect like the morphology for an extraordinary enhancement of the CHF. In the open literature, there are only few studies related with the wettability effect flow boiling heat transfer owing to fabricational complexities and feasibility in a microscale. Most of studies indicate that the wettability is a critical parameter on the two-phase flow pattern in a microchannel. As same as the CHF in pool boiling, the wettable surface shows a higher value of the CHF in the flow boiling than the non-wettable surface. However, the wettability effects on the heat transfer of the flow boiling are still far from well understanding.
